The infertility of hybrids between closely related (sub)species is one of the early reproductive isolation mechanisms leading to speciation. Since the genetic control of hybrid sterility (HS) is complex, only a few HS genes have been identified so far, including Prdm9, the only known vertebrate HS gene. Prdm9 causes infertility in male hybrids between PWD/Ph and C57BL/6J mouse strains derived from Mus m. musculus and Mus m. domesticus subspecies. However, within species Prdm9 determines the sites of programmed DNA double-strand breaks (DSBs) and meiotic recombination hotspots. In sterile hybrids, different PRDM9 variants do not bind both homologous chromosomes equally, suggesting that the asymmetry or lack of symmetry of binding sites could explain the failure of meiotic chromosomes to synapse. To investigate the relation between asynapsis and meiotic arrest, we prepared intersubspecific hybrids with stretches of consubspecific homology on several pairs of autosomes and analyzed their ability to form synaptonemal complexes. Eight examined autosomes with more than 27 Mb of consubspecific homology fully restored their synapsis and we predicted that a minimum of two symmetric DSBs per chromosome are necessary for successful meiosis. Moreover, targeted suppression of asynapsis in four chromosomes most sensitive to asynapsis partially rescued spermatogenesis, thus pointing to chromosomal quality of hybrid sterility. We hypothesize that reduced ability of meiotic chromosomes to synapse, determined by impaired recombination between evolutionary diverged homologous chromosomes could function as an ancient mechanism of hybrid sterility occurring in various sexually reproducing species.
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Introduction
Hybrid sterility (HS) is a postzygotic reproductive isolation mechanism that safeguards speciation by restricting gene flow between related taxa. HS is a universal phenomenon observed in many eukaryotic inter-species hybrids, including yeast, plants, insects, birds, and mammals (1, 2) . In the early days of genetics, HS had been difficult to accommodate in Darwin's theory of evolution by natural selection until the Bateson -Dobzhansky -Muller incompatibility (BDMI) hypothesis (3) (4) (5) explicated HS and, more generally, any hybrid incompatibility, as a consequence of the independent divergence of mutually interacting genes resulting in aberrant interaction of the new alleles, previously not tested by natural selection. HS has several common features across various sexually reproducing eukaryotic species.
Haldane's rule posits that if one sex of the F1 offspring of two different animal races is absent, rare, or sterile, it is the heterogametic sex (XY or ZW) (6) . Another common feature refers to the disproportionately large role of Chr X compared to autosomes in reproductive isolation (7) . More recently, interaction between selfish genomic elements causing meiotic drive and their suppressors has been implicated in some instances of reproductive isolation (8, 9) The molecular mechanisms underlying HS remain an unresolved question. Originally, genic and chromosomal mechanisms of HS were hypothesized, but the latter were soon dismissed as unlikely on the grounds that large chromosomal rearrangements do not segregate with HS genetic factors. Other forms of non-genic chromosomal HS were not considered because of the limited knowledge of the carrier of genetic information at the time. Thus, for the last 80 years or so, the focus on the genic control of HS prevailed (3, 5, 10) . In studies mapping HS genes, the Drosophila group of species has been the model of choice, yet only five Drosophila HS genes, namely OdsH, JYAlpha, Ovd, agt, and Taf1, have been identified so far, none of which has a known interacting gene as predicted by the BDMI hypothesis (11) (12) (13) .
The low success rate of the positional cloning of HS genes was explained by the oligogenic or polygenic nature of HS phenotypes and by the inherent difficulty in genetically dissecting the phenotype that prevents its own transfer to progeny.
Over forty years ago, we introduced the house mouse (Mus musculus) as a mammalian model for the genetic analysis of HS. The first HS locus Hst1 was mapped in crosses of laboratory inbred strains (predominantly of Mus musculus domesticus (Mmd) origin) with wild Mus musculus musculus (Mmm) mice (14) . Later, we developed PWD/Ph and PWK/Ph inbred strains from the wild Mmm mice of Central Bohemia (15) and used them in the positional cloning of Hst1 by highresolution genetic crosses and physical mapping (16, 17) . Finally, we identified the Hst1 locus with the PR domain containing 9 gene (Prdm9), coding for histone H3 lysine 4/ lysine 36 methyltransferase (18, 19) , the first and still the only HS gene known in vertebrates. Most of the tested laboratory inbred strains share either the
Prdm9
Dom2 or Prdm9 Dom3 allele. (20, 21) . The former allele was found in inbred strains producing sterile male hybrids when crossed with PWD females, while the Prdm9
Dom3
was observed in the strains that yielded quasi-fertile males in the same type of intersubspecific crosses (22) .
The male sterility of (PWD x C57BL/6)F1 (henceforth PB6F1) hybrids depends on the interaction of the heterozygous allelic combination Prdm9 Msc /Prdm9 Dom2 with the PWD allelic form of the X-linked Hybrid sterility X chromosome 2 Hstx2 Msc locus (23, 24) . For the sake of clarity and to stress the origin of the alleles we will use Prdm9 PWD ,
Prdm9
B6 and Hstx2 PWD in the rest of this paper. Any other tested allelic combination of these two major HS genes yields fully fertile or subfertile male hybrids (23, 25) . The proper allelic combination of Prdm9 and Hstx2 genes is necessary but not sufficient to completely govern HS because less than 10% instead of expected 25% of (PWD x B6) x B6 male backcross progeny replicated the infertility of male PB6F1 hybrids (23) .
Initially, we explained this 'missing heritability' by assuming additional genic interaction of three additional HS genes with a small effect that escaped the genetic screen (23) . However, an alternative, non-genic explanation emerged from the analysis of meiotic phenotypes of sterile hybrids. The failure of multiple autosomal pairs to synapse properly, the persistence of phosphorylated histone γH2AX
indicating unrepaired DNA double-strand breaks (DSBs) on unsynapsed chromosomes, and the disturbed transcriptional inactivation of sex chromosomes at the first meiotic prophase were the most prominent features observed in approximately 90% of primary spermatocytes of infertile PB6F1 inter-subspecific hybrids. We suggested that the failure of chromosomes to synapse could be related to their fast-evolving nongenic DNA divergence (24, 26) . Because failure of proper synapsis in pachytene spermatocytes is known to interfere with the normal progression of the first meiotic division (27, 28) , the asynapsis could be the ultimate cause of the sterility of male hybrids (24, 26 , comparison of GLMM models, (Fig. 1A) . Recently, SPO11 oligos released during the processing of DSBs were sequenced, mapped and quantified at chromosome-wide scale in male mice of the B6 laboratory inbred strain (33) . This information, together with the established frequency of asymmetric breaks in PBF1 hybrids (29) Table S2 ).
This correlation is stronger than the correlation of the asynapsis rate with the chromosomal length. In addition, the asynapsis rate cannot be better explained by the chromosomal length (P = 0.709, comparison of GLMM models), when it is controlled for the symmetric DSBs (SPO11 oligos), while it is better explained by the symmetric DSBs (SPO11 oligos) when controlled for chromosomal length (P = 0.046, comparison of GLMM models).
Thus our findings support the hypothesis (29, 30 ) that synapsis of homologous chromosomes depends on the presence of a certain minimum number of symmetric DSBs.
Asynapsed chromosomes are devoid of active euchromatin
The Cot-1 euchromatin RNA (ecRNA) is localized throughout the active interphase chromosome territory in cis and does not diffuse into the rest of the nucleus like other types of RNAs. EcRNA is mainly composed of repeat-rich noncoding RNA in active, open euchromatin (35) . Accordingly, we used Cot-1 DNA as a probe for ecRNA FISH to compare the ecRNA distribution in asynapsed and synapsed chromosomes.
Pachytene spermatocytes of PB6F1 hybrids were examined for subnuclear localization of active chromatin and asynapsed chromosomes using confocal fluorescence microscopy after Cot-1 RNA FISH and HORMAD2 immunolabeling.
Fluorescence signal quantification revealed that subnuclear regions of asynapsed chromosomes composed of sex chromosomes and/or autosomal univalents were lacking active euchromatin in contrast to other regions of the pachytene nuclei ( Fig.S1B , Video S1). We propose that the absence of active euchromatin is a consequence of the meiotic synapsis failure of heterosubspecific chromosomes, known as meiotic silencing of unsynapsed chromatin (MSUC (28) 
The minimal length of consubspecific sequence necessary to rescue meiotic chromosome synapsis
We have shown previously that meiotic asynapsis affects heterosubspecific (PWD/B6) but not consubspecific (PWD/PWD) homologs in sterile male hybrids from crosses of PWD females and B6.PWD-Chr# consomic males (24, 26) . Here, we searched for the minimum length of the PWD/PWD consubspecific sequence that could secure synapsis of a chromosome and potentially restore fertility in the hybrids.
Instead of substituting the whole PWD chromosome for its B6 homolog, we generated recombinant PWD/B6 and B6/PWD (centromere/telomere) chromosomes.
To do that, we crossed the male hybrids between two B6.PWD-Chr# consomic strains and a PWD female to match the intact maternal PWD homologs and estimated the minimum size and location of consubspecific PWD/PWD stretches needed for synapsis rescue ( Fig. 2A) .
In three 'two-chromosome crosses' (hereafter 2-chr cross) we investigated the effect of length and location of the PWD/PWD consubspecific intervals on the asynapsis rate in six different chromosomes -two in a given experiment, namely chr5 & chr12 (Tables S3, S4), chr7 & chr15 (Tables S5, S6 ) and chr17 & chr18 (Table S7, S8) .
Altogether over 12,000 pachynemas from 122 chromosomes were examined. All male progeny of the 2-chr crosses were fully sterile, with low testis weight and the absence of sperm in the epididymis. The analysis of data from six recombinant chromosomes revealed the two common features:
-Introduction by recombination of 27 Mb or more of a consubspecific (PWD/PWD) interval into a pair of intersubspecific (PWD/B6) homologs effectively suppressed the asynapsis rate below the baseline of 5 % in all six studied autosomes.
-In spite of the known role of subtelomeric (bouquet) association in chromosome pairing (37, 38) , the location of the consubspecific sequence at the telomeric end was not essential for synapsis. The PWD/PWD intervals of sufficient size located at the centromeric (proximal), interstitial, or telomeric (distal) positions rescued synapsis as
The efficiency of synapsis rescue was gradual with an apparent change point ( table S9 ). The slope of the decrease of asynapsis in the region of consubspecific intervals shorter than 27.14 Mb was different for the respective chromosomes, reflecting the asynapsis rate in respective chromosomes in F1 cross (P < 2 × 10 -16 F-test).
Reversal of hybrid sterility by targeted suppression of asynapsis of four of the most asynapsis-sensitive autosomes
The above experiments have shown that a randomly located consubspecific PWD/PWD interval with a 27 or more Mb on otherwise heterosubspecific PWD/B6
background is sufficient to restore the pachytene synapsis of a given autosomal pair.
To verify the causal relationship between meiotic chromosome asynapsis and HS, we attempted to reverse HS by reducing the asynapsis in the four most asynapsis- mice in a three-generation cross (Fig. 3A) . Eleven G3 males selected for maximal extent of PWD sequence on these chromosomes were crossed to PWD females (Table S10 ). The resulting G4 hybrid male progeny (hereafter 4-chr cross) displayed various degrees of PWD homozygosity in the studied consomic autosomes on otherwise heterosubspecific PWD/B6 genetic background. As predicted, a significant fraction of hybrid males showed partial rescue of spermatogenesis. While in the PB6F1 cross, 100 % of hybrid males showed no sperm in the epididymis, in the 4-chr cross, only 51.7 % of 87 G4 males were aspermic, 19.5 % had a 0.01-0.74 x 10 6 sperm count, and 28.7 % had 1.0-13.7 x 10 6 sperm cells (Fig. S2 , Table S11 ). Table S12 ; see Table S9 for change point estimates) effectively restored synapsis. Moreover, the presence of sperm cells corresponded with the rescue of synapsis of consomic chromosomes. As a rule of thumb, the hybrids had sperm when asynapsis was suppressed in at least three of four segregating chromosomes and when the probability of all four consomic chromosomes being synapsed was > 0.7 (Fig. 3C) . Chromosomes 16, 18, and 19 contributed the strongest effect (Table S12) .
Evidence for a trans-effect on the rate of asynapsis crosses, where the asynapsis rate is dramatically reduced to 58-91 % of the respective F1 hybrids' rates. Moreover, the difference between the observed and expected ratios of asynaptic pachynemas increased with increasing probability of sperm cells in the epididymis (Fig. 4 , Table S13 ). In 4-chr cross, the trans effect was analyzed further by comparing the asynapsis rate of a given nonrecombinant PWD/B6 pair with the other three analyzed chromosomes. Figure S4 shows a negative correlation (from r= -0.45 for Chr 16 to r = -0.88 for Chr 15, linear regression slope is 3_chrs_syn = -0.19, P = 0.0003) between the asynapsis rate of the nonrecombinant chromosome and the probability of synapsis of the other three studied chromosomes.
To conclude, the described trans effect enhances the probability of the successful pairing of heterosubspecific chromosomes in males with identical Prdm9 and Hstx2.
The mechanism is unknown, but it is tempting to speculate that a rate-limiting step of an anti-recombination mismatch repair machinery (39, 40) could be involved.
Discussion
While 
The meiotic asynapsis rate correlates with the presumed paucity of symmetric DSBs in individual chromosomes in sterile hybrids
The first direct evidence on the molecular mechanism of Prdm9's control of meiotic arrest in sterile hybrids came from the 'humanized' mouse Prdm9 B6Hu allele created by substituting the mouse PRDM9 zinc finger array with its human counterpart.
Davies and coworkers (29) proved that the DNA-binding zinc finger domain of PRDM9 molecule is responsible for sterility in PB6F1 hybrids. In the sterile hybrids, most PRDM9 PWD -specific hotspots reside on B6 chromosomes and, vice versa, most of the PRDM9 B6 binding sites are activated on PWD chromosomes. This asymmetry was explained in part by erosion of the PRDM9 binding sites due to preferential transmission to progeny of the mutated hotspots motifs (41, 42) . The authors proposed that asymmetry of the Prdm9-dependent DSB hotspots and the consequent shortage of symmetric hotspots is the major culprits of meiotic asynapsis and meiotic arrest. In a parallel study, Smagulova and coworkers (30) used a panel of mouse inbred strains from four major Mus musculus subspecies to study recombination-initiating hotspots. In PB6F1 hybrids, a novel class of strong hotspots absent in both parents appeared, 70 % of them showing the asymmetry also described in (29) . Moreover, Prdm9-independent 'default' hotspots were particularly enriched in Chr X and percentage of 'default' hotspots in autosomes (26) correlate with the present data on asynapsis rate in F1 hybrids (Spearman's ρ = 0.69, P = 0.0012). These hotspots could represent the late-forming DSBs on unsynapsed chromosomes and, as such, they may be a consequence rather than the cause of meiotic asynapsis.
We show that meiotic asynapsis affects each autosomal pair in PB6F1 intersubspecific hybrids at distinctively unequal rates, with shorter chromosomes affected more often than the longer ones. A similar pattern of higher sensitivity of smaller autosomes to the synapsis failure was observed in mice with lowered dosages of SPO11 (34) We hypothesize that the presence of symmetric DSBs hotspots within the PWD/PWD homozygous stretches exceeded the threshold of a minimum number of symmetric DSBs thus rescuing normal meiotic synapsis.
A tentative estimate of the number of DSBs necessary for proper synapsis was based on several assumptions, namely that the number of DSBs per early zygonema is 250 DSBs ± 20 (SD) (26, 34, 45) , that the DSBs are distributed across the chromosomes in proportion to the SPO11 oligos released by individual chromosomes (33) and that the sterile F1 hybrids display only 28 % of symmetric DSBs (29, 30) randomly distributed on individual autosomes. The presumed distribution of symmetric DSBs on all autosomes and their asynapsis ratios in sterile F1 hybrids are given in Table S2 . Based on the above-mentioned assumptions and measured asynapsis rate in this study and in our previous work (26) The same conclusion also holds true for 2-chr cross and 4-chr cross experiments ( Fig. S4 and Fig. S5 ). The deviations from the diagonal in the Fig. S5 depicting 4 -chr cross can be explained by the trans-effect described in the Results section.
On the chromosomal nature of hybrid sterility
It has been tacitly assumed, that the early meiotic arrest in sterile PBF1 males is due to the high incidence of asynapsed chromosomes in zygotene/pachytene spermatocytes of PBF1 hybrid males (24, 26) . Here we provided the first experimental validation of this assumption by targeted suppression of asynapsis rate in selected autosomes. The suppression of asynapsis in any of three combinations of two PWD/B6 recombinant chromosomes did not improve the spermatogenic arrest.
However, when hybrid genomes with four short recombinant chromosomes (that are most sensitive to asynapsis) were constructed, almost 50 % of males had sperm in the epididymis and normal testis size. By improving synapsis in three of the four manipulated chromosomes (representing ~11 % of the genome) with PWD/PWD homozygous intervals, more than 40 % of pachynemas regained full chromosome synapsis and yielded sperm. These results show that the high incidence of primary spermatocytes with asynaptic chromosomes is indeed the factor determining the extent of meiotic arrest in intersubspecific PBF1 hybrids.
The unique character of PBF1 HS lies in its chromosomal character controlled by the Prdm9 gene. The interhomolog incompatibility caused by single nucleotide variation in PRDM9 binding sites, which are situated away from coding genes (46) is proposed to make the asymmetric sites difficult to repair (29, 47) . We hypothesize that building the meiotic barrier between (sub)species begins with genome-wide accumulation of single nucleotide variants within PRDM9 binding sites and their subsequent erosion due to gene conversion-guided meiotic drive (48) . In the subspecific hybrids the asymmetric binding sites can be more difficult to repair using the homolog from another subspecies as a template because of the sequence heterogeneity control by the mismatch repair machinery. Originally, such an inter-species barrier was
proposed by Radman and colleagues (49, 50) to prevent homeologous recombination between E. coli and Salmonella typhiimurium. Among eukaryotes, the role of the mismatch repair system in reproductive isolation was reported in
Saccharomyces species (51) (52) (53) . An exciting possibility arises that the heteroduplex rejection activity of MMR preventing repair of DSBs due to genetic heterology (36, 37) could operate as a universal mechanism gradually restricting gene flow between related (sub)species, a conditio sine qua non of speciation. Identification of nascent RNA in pachytene spermatocytes was performed as previously described (54), with modifications. A detailed description is given in the SI
Materials and Methods

Mice
Materials and Methods.
Microscopy and image capture. Images were observed using a Nikon Eclipse 400 epifluorescence microscope and captured with a DS-QiMc mono-chrome camera (Nikon). Images were analyzed using the NIS elements program. A detailed description is given in the SI Materials and Methods.
Statistics
All calculations were performed in the statistical environment R 3. Intermingled asynapsis refers to overlaps of two or more asynapsed chromosomes within the DNA FISH cloud of chromatin. Smaller chromosomes had higher asynapsis rate (GLMM model, P < 1.1x10 -13 ). Concurrently, the chromosomes with higher asynapsis rate were also more involved in complete rather than partial asynapsis (GLMM model, P < 6.3x10 -5 ). The proportion of complete and partial asynapsis was controlled by the asynapsis rate rather than the chromosomal length (test for effect of the length when controlled for the asynapsis rate, 0.491). (B) Negative correlation (Spearman's ρ = -0.76, P = 0.0002) between asynapsis rate and mean expected number of symmetric DSBs (29) based on the chromosome-wise distribution of SPO11 oligos in fertile B6 males (30) (see also Table S2 ). Tables S3 -S8 ). The average length between the minimum and maximum of the conspecific sequence is plotted. The mean asynapsis rate of a given chromosome is regularly higher in PB6F1 hybrids (dashed line) than in 2-chr cross. For explanation, see Fig. 4 and the chapter on the trans-effect dependent variation in asynapsis rate. Loess curve with 95% CI. (15, 16, 18 , and 19, see also Table 1 ). The localization of the PWD homozygous sequence with respect to the centromere, interstitial part of the chromosome, telomere, or both ends is distinguished by colors (see also Tables 1). (C) The number of sperm in the epididymis is a function of probability of synapsis of all four consomic chromosomes. The complete meiotic arrest is reversed in males having 70% or higher chance of all four chromosomes synapsed. See also Table S11. Loess curve with 95% CI. Fig. 4 . The trans-acting effect of consubspecific PWD/PWD stretches increases the probability of full synapsis of PWD/B6 heterosubspecific homologs in male 2-chr cross and 4-chr cross experiments. The expected rate of synapsed pachynemas was calculated for each mouse in 2-chr cross and 4-chr cross experiments by multiplication of the observed synapsis rates (i.e., assuming independence) of FISH analyzed chromosomes and the observed PB6F1 synapsis rates of the remaining autosomes. Asynapsis rate was calculated as a complement to synapsis rate. The difference between the expected and observed overall asynapsis is most pronounced in 4-chr cross males with the lowest expected overall asynapsis rate. Recovery of spermatogenesis signaled by the presence of sperm in the epididymis occurs when more than 40 % of pachynemas are fully synapsed. SC means sperm count. 
